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Abstract 
Effluent streams, especially those from textile and dyeing industries can be highly 
coloured. Owing to the stability of synthetic dyes, conventional biological treatment 
methods for industrial and municipal wastewater are ineffective for degrading the dyes, 
resulting in an intensely coloured discharge from wastewater treatment facilities. In the 
present study, the photocatalytic degradation of procion red MX-5B was studied in the 
presence of an aqueous suspension of TiO2 irradiated with UV lamps at the wavelength 
of365nm. Effects of temperature, pH, concentration ofhydrogen peroxide, UV intensity, 
concentration of TiO2 on the photocatalytic degradation of the dye were determined. 
Time required for more than 90% dye degradation in optimized conditions for 40 mg/L 
and 1,000 mg/L of dye were 10 min and 180 min respectively. 
Dye degradation products analyzed by diffuse reflectance fourier transform infra-
red spectroscopy (FT-IR) and nuclear magnetic resonance (NMR) showed that the 
aromatic rings and the azo bond (-N=N-) were cleaved. Finally, TiO2 were immobilized 
with Pseudomonas sp. K-1 in alginate beads. Results indicated that photocatalytic 
degradation of azo dyes was more efficient in alginate beads immobilized with bacteria 
and TiO2 than with TiO2 alone. However, toxicological assay indicated that the 
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1 Introduction 
1.1 The development of dyes 
Take a look around us; color is everywhere. The clothes we wear, our 
surroundings, both man-made and natural, abound with color. Light is the source of all 
color. Light is comprised of various wavelengths of radiant energy. The human eye, with 
its marvelous physiology of cones, interprets the wavelengths from 400 to 700 
nanemeters and transforms this into the realization of color. The absorbance and 
reflectance of portions of the light wavelengths by an object create in the viewer's mind 
the distinct and unique color of that object. Some substances having bright and pure color 
are used to improve the appearance of objects. These substances are dyestuffs. 
Until the end of the nineteenth century, these colors were all obtained from 
natural sources. The majority were of vegetable origin; plants, trees and lichen, though 
some were obtained from insects and molluscs. Over the thousands of years that natural 
dyes have been used, it is significant that only a dozen or so proved to be of any practical 
use, reflecting the instability of nature's dyes (Cofrancesco, 1965). 
Obtaining dyes from natural sources was a slow, inefficient, wasteful and very 
labor intensive process. The resulting natural dyes were rarely pure compounds and since 
the proportions in the mixture were variable, reproducibility was a serious problem. It is 
hardly surprising that they have been replaced by superior synthetic dyes, which are 
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produced efficiently, and are pure compounds of known definitive structure, thus 
ensuring reproducibility (Faris, 1979). 
The vast majority of the natural dyes used prior to the nineteenth century have 
been replaced by synthetic dyes discovered since then. Dyes may be classified either by 
their end use or by their chemical structure. In order that the chemistry of the dyes is 
emphasized, it is the latter system, which has been adopted as far as possible. The 
classification, although by no means comprehensive, does cover the major dye classes of 
greatest chemical and commercial significance (Abrahart, 1977). 
Azo dyes constitute, commercially, the most important class of dyestuffs. They 
are the most widely studied dyes and a vast volume of literature has therefore 
accumulated over the past one hundred years or so (Zollinger, 1961). 
1.2 The chemistry of azo dyes 
Being the most important class of dyes, azo dyes comprise over 50% of total 
world dyestuff production. They have achieved this prominence for the following 
reasons: they are tinctorially strong (azo dyes are about twice the strength of 
anthraquinone dyes, the next most important class of dyes); they are usually easy to 
prepare in a multi-purpose chemical plant from cheap, readily available starting 
materials; they cover the whole shade range; and they have good fastness properties. The 
first two features make azo dyes cost effective against most dye classes, but particularly 
anthraquinone dyes. Furthermore, their ease of preparation from a host of readily 
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available intermediates allows azo dyes to be ‘tailor-made’ to meet almost any end use 
(Fabian and Hartmann, 1980). 
All azo dyes contain at least one, but more usually two, aromatic residues 
attached to the azo group. They exist in the more stable trans (1) rather than the cis form 
(2) as shown in Figure 1. Both nitrogen atoms are sp^ hybridized so that the carbon-
nitrogen bond angles are ca. 120°. 
Trans-azobenzene (Figure 2)，the basic azo chromogen, is essentially planar in 
both the solid state and in solution, though it is apparently non-planar in the vapour 
phase. Bond length determinations indicate some contribution from resonance forms so 
that the carbon-nitrogen bond lengths are slightly shorter than expected. Also, both 
phenyl rings show some quinonoid character. Electron donor groups in one ring and 
electron acceptor groups in the other, especially when they are conjugated to the azo 
linkage, enhance such resonance contributions (Watson, 1972). 
Azo dyes are obtained by coupling a diazotised amine with a coupling component 
in aqueous solution or suspension. The diazotised amine is usually an aromatic 
compound, but amino derivatives of heterocyclic compounds are sometimes used. 
Coupling components are commonly phenols, naphthols, arylamines, aminonaphthols, 
acetoacetarylamides or pyrazolones. Ifthe dye is to be soluble in water at least one ofthe 
components is likely to contain a soluble group such as a sulphonic or carboxylic acid 
group, and several such groups may be present in the final molecule (Allen, 1971). 
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Figure 1. The trans (1) and the cis form (2) of aromatic residues of azo dyes. 
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Figure 2. Resonance in trans-azobenzene. 
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1.3 Evaluation of dyes submitted under the "Toxic Substances Control Act" new 
chemicals programme 
The "Toxic Substances Control Act" (TSCA) was issued in 1976 to identify and 
control toxic chemical hazards to human health and the environment. One of the main 
provisions of TSCA was to establish and maintain an inventory of all chemicals in 
commerce in the US for the purpose of regulating any of these chemicals that might pose 
an unreasonable risk to human health or the environment. An initial inventory of 
• 
chemicals was established by requiring companies to report to the Environmental 
Protection Agency (EPA) all substances that were imported, manufactured, processed, 
distributed, or disposed of in the US. The large number of dyes, and the high potential for 
toxicity of dyes and dye components have made this class of compounds one of the most 
extensively reviewed and regulated under the new chemicals program. EPA disposition 
of dyes can be viewed in terms of three categories of risk: low risk cases that are dropped, 
questionable or uncertain risk cases that are examined in detail and, unreasonable risk 
cases in which some type of control action is taken. For azo dyes (monoazo, diazo, triazo 
and polyazo combined) the percentage of control actions taken was 24%. For all other 
general chemical classes combined, the average percentage of control actions taken was 
only 5.4% (Auer and Gould, 1987). 
Chemical structure is the major factor used in determining hazard. The 
substructure search capabilities ofthe CHEMBASE software enables one to analyze dyes 
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for substructures that are most frequently regulated. Figure 3 presents the eight 
substructures determined to be of most concem in the review ofdyes; the total number of 
regulated cases for dyes that contain each substructure; and the primary health concem 
identified by EPA for each substructure. The aromatic amine substructures shown in 
Figure 3 are derived from azo groups present in the intact dye. EPA assumes that all azo 
dyes are azo-reduced to the corresponding aromatic amine, unless data is provided which 
demonstrates that this will not occur (International Agency for Research on Cancer, 
1975). 
1.4 Environmental concerns of dyes 
Textile industries consume substantial volumes of water and chemicals for wet 
processing oftextiles. These chemicals are used for desizing, scouring, bleaching, dyeing, 
printing and finishing. They range from inorganic compounds and elements to polymers 
and organic products. There are more than 8,000 chemical products associated with the 
dyeing process listed in the Color Index (Society of Dyers and Colorists, 1976) while 
over 100,000 commercially available dyes exist with over 7 x 10^  metric tons of dyestuff 
produced annually (Meyer, 1981a; Zollinger, 1987). These dyes include several structural 
varieties ofdyes, such as acidic, reactive, basic, disperse, azo, diazo, anthraquinone-based 
and metal-complex dyes. The only one thing in common is their ability to absorb light in 
the visible region. 
Color is the first contaminant to be recognized in wastewater and has to be 
removed before discharging into waterbodies or on land. The presence of very small 
7 
Substructure # of cases Concern 
、•'。• 
^ ^ 23 Carcinogenicity 
H2N 
z 1 X 29 Carcinogenicity 
) ^ 
X' 
C X v ^ " \ \ / = \ , / 12 Carcinogenicity 
V X N ^ N ^ ^ 
H2N " C ! ^ ^ " ' V _ ^ ^ NH2 7 Carcinogenicity 
HO 
H2N^v^J^>tf^ 
I 48 Carcinogenicity 
S / ^ ^ ^ 
H2N 
HO^^T^^^"^"T^^^ 13 ]^velopmentaI 
k ^ / i ^ Toxicity 
H g N ^ ~ ^ ^ ~ " ^ ^ N H z 4 Carcinogenicity 
^ ^ N ^ ^ 5 EcoU>xiciiy 
Figure 3. Substructures of most concem in review of dyes (International Agency for 
Research on Cancer, 1975). 
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amounts ofdyes in water (less than 1 ppm for some dyes) is highly visible and affects the 
aesthetic qualities, water transparency and gas solubility in lakes, rivers and other 
waterbodies. The removal of color from wastewaters is often more important than the 
removal of the soluble colorless organic substances, which usually contribute the major 
fraction of the biochemical oxygen demand (BOD). Methods for the removal of BOD 
from most effluents are fairly well developed; dyes, however, are more difficult to treat 
because oftheir synthetic origin and mainly complex aromatic molecular structures. Such 
structures are often constructed to resist fading on exposure to sweat, soap, water, light or 
oxidizing agents (Poots et al.’ 1976; McKay, 1979) and this renders them more stable and 
less amenable to biodegradation (Fewson, 1988; Seshadri et al., 1994). 
Interest in the pollution potential of textile dyes come from their possible toxicity 
and carcinogenicity. This is because many dyes are synthesized from known carcinogens, 
such as benzidine or other aromatic compounds, and these may be reformed by microbial 
transformation (Clarke and Anliker, 1980). Some azo dyes are reported to be reduced in 
sediments (Weber and Wolfe, 1987) and intestinal environment (Chung et al., 1978). 
Although the commonly used azo dyes may not produce adverse cytotoxic, mutagenic, or 
carcinogenic effects, several studies have provided unequivocal evidence that 
azoreductase from intestinal microflora and, to a lesser extent, from mammals catalyze 
cleavage of the azo bond to produce aromatic amines. Aromatic amines, such as 
benzidine, induce urinary bladder cancer in man and tumors in some experimental 
animals (Walker, 1970; Combes and Haveland, 1982; Chung, 1983). 
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Anthraquinone-based dyes are the most resistant to degradation due to their fused 
aromatic structures, which remain colored for long period of time. Basic dyes have high 
brilliance and therefore higher color intensity, making them more difficult to decolorize, 
while metal-based complex dyes, such as chromium-based dyes, can lead to the release of 
chromium, which is carcinogenic in nature, into water supplies. Some disperse dyes have 
also been shown to have a tendency to be bio-accumulated (Anliker et al., 1981; 
Baughman and Perenich, 1988). 
The above-mentioned classifications as acid, direct, dispersant etc. are based on 
their modes of dyeing or main structural moieties, both of which are inadequate for 
environmental evaluation purposes. Although dyes constitute only a small portion of the 
total volume of waste discharge in textile processing, these compounds are not readily 
removed by typical microbial-based waste-treatment process (Brown et al., 1981). 
Ogawa et al. (1978) showed that azo dyes were inhibitory to the respiration of 
microorganisms in activated sludge. The inhibition by basic dyes was stronger than the 
inhibition by acid dyes when the pH was above the isoelectric point of the 
microorganisms. Activated sludge processes, being one of the most widely used 
biological processes in wastewater treatment plants, was shown to result in a decline in 
the purification function of the activated sludge process (Homing, 1976). Similar adverse 
effects have also been detected for aquatic microbial populations and the aquatic 
environment in general (Richardson, 1983; Michaels and Lewis., 1985), or for laboratory 
cultures (Ogawa et al., 1989) exposed to such dyes. 
10 
1.5 Decolorization techniques 
The contamination of the environment with industrial chemicals during the 20^ ^ 
century has overwhelmed the natural cleaning capacities of microorganisms. It caused a 
serious environmental pollution. Scientists are giving effort to find effective methods to 
solve this problem. In the past, municipal treatment systems were mainly used for the 
purification of textile mill wastewater. These systems, however, depended mainly on 
biological activity and were mostly found inefficient in the removal of the more resistant, 
recalcitrant synthetic dyes. Less sensitive, yet more effective methods therefore were 
developed and tested for dye removal. Feasibility of several methods were evaluated 
including biodegradation, chlorination, ozonation, adsorption, flocculation, coagulation 
and Fenton's oxidation. 
1.5.1 Activated sludge process 
Biodegradation has provided economical and safe solutions for dealing with 
environmental problems. But in dyestuff industry, dyes have to be more and more 
resistant to sunlight, washing and microbial action in order to be successful in the 
commercial market. It is not surprising that most studies on the biodegradation of 
dyestuffs produce negative result when dyes are designed to resist this type of treatment. 
Shaul et al. (1988) tested 18 azo dyes in activated sludge processes, 11 dyes were found 
to pass through the activated sludge process substantially untreated, 4 were significantly 
absorbed on the surplus activated sludge while only 3 were apparently degraded. 
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Most dyes in modem dyeing industry including reactive dyes are poorly removed 
in conventional sewage treatment. Whilst some dyes do show a tendency to be adsorbed 
onto activated sludge, acid and reactive dyes were only slightly absorbed (Hitz et al., 
1978). However, these tests used activated sludge plants that were not regularly treating 
dyewaste. It seems likely that on plants continuously or regularly treating dyewaste the 
adsorption sites will be rapidly occupied if the dye is strongly adsorbed. Renewal of 
adsorption sites will be by creation of new sludge flocs, de-sorption of the dye or 
biodegradation of the dye. With normal sludge ages the creation of new flocs is too slow 
to remove dyes adequately, and de-sorption leads to re-solubilisation of color. 
Biodegradation of dyes under the aerobic conditions in a sewage treatment activated 
sludge plant is slow. Aerobic biodegradation is slow for most dyes. Long adaptation 
periods are required and the enzymes produced appear to be highly specific (Meyer, 
1981b). Effluents from dyes industrial processes are usually resistant to biological 
treatment and therefore costly physical-chemical decontamination processes are often the 
only treatment alternatives available for such wastewater. The net result of increased dye 
loads and poor dye removal on conventional sewage treatment is an increased level of 
color in the receiving watercourse (Churchley, 1994). 
1.5.2 Chlorination 
Chlorine is a strong, non-selective oxidizer that degrades dyes when added to 
waste streams. However, oxidation using chlorine and chlorine dioxide frequently gives 
rise to a color shift to a strong yellow or orange coloration (Perkins et al., 1980). In 
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addition, the use of chlorine in particular is undesirable because of the possible formation 
of toxic chlorinated organics. 
1.5.3 Fenton's reaction 
The use of hydrogen peroxide catalysed by ferrous iron at acid pH (Fenton's 
reagent) for color removal has been described by Kuo (1992). In fact its use involves the 
dosing of four or five chemicals and the production of considerable quantities of sludge. 
Churchley (1994) reported that Fenton's reagent may not be able to achieve the color 
standards required on some dyewastes. 
1.5.4 Ozonation 
Ozone is a powerful oxidizing agent that is able to oxidize dyes effectively to 
non-colored materials. The influence of pH on the reaction is not significant (Perkins et 
al., 1980), making ozone treatment viable for a wide range of wastes. The problems of 
ozonation are the chemical instability of ozone necessitating its generation onsite that can 
require significant electrical power and capital costs. In addition, since ozone is 
hazardous, an ozone destruction unit must also be used in order to prevent unreacted 
ozone escaping from the process and into the atmosphere. 
1-5.5 Adsorption by activated carbon 
For the recalcitrant dyes with high affinity to adhere to surface, adsorption has 
been used as a means of removing these dyes without involving biodegradation and 
release of intermediate products (De Angelis and Rodrigues, 1987; Nawar and Doma, 
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1989). Porter (1972) has described adsorption of dyes onto activated carbon. The 
efficiency of adsorption depends upon the physico-chemical characteristics of the target 
organics as well as the water chemistry. Disperse, vat and pigment dyes are poorly 
removed by activated carbon. Effective color removal from a mixed dyewaste would 
require a second flocculation stage. Adsorption is a mere physical removal of dye from 
effluent that still creates a waste disposal problem and used carbon may be classified as a 
hazardous waste. 
1.5.6 Chemical flocculation 
Flocculation appears to offer an effective and economically viable method for 
color removal at the dyehouse and at the sewage treatment works. Care must be exercised 
to ensure that dyewastes are adequately balanced and that the chemical flocculant chosen 
is applicable to all the dyestuffs likely to be encountered. Unavoidably, excessive 
chemicals and sludge generation with disposal problem is the result of flocculation. 
1.5.7 Coagulation 
Considerable research has been conducted on the removal of color from textile 
waste effluents (Judkins and Homsby, 1978). In general, these studies involved the use of 
conventional coagulants, such as alum, lime and ferric or ferrous sulfate. In most cases, 
coagulation has been effective in removing color. However, high chemical dosages are 
usually required and large volume of sludge produced for disposal. The cost of sludge 
. disposal results in relatively high cost for conventional chemical treatment. 
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1.5.8 Advance Oxidation Process 
Concerns in treating many recalcitrant substances have evoked interest in 
advanced oxidation processes (AOPs). Such processes involve supplementation of 
traditional oxidants with additional stimuli such as high temperature or UV light to create 
highly reactive radical species to oxidize difficult-to-treat substances such as saturated 
organic molecules and pesticides. One of the examples of AOP is the photocatalytic 
oxidation using titanium dioxide. Table 1 shows the organic contaminants that have been 
successfully treated by photocatalytic oxidation using TiO2. 
Titanium dioxide (TiO2) is the semiconductor material with the most promise for 
the photocatalytic treatment of hazardous wastewaters. TiO2 is an active photocatalyst 
and is extremely stable, i.e. it does not dissolve or corrode under photoexcitation. 
Barbeni et al. (1986) reported the photodegradation of several chlorinated 
benzenes and phenols using illuminated TiO2. A comparison among several 
semiconductors indicated that TiO2 produced a faster rate than zinc oxide (ZnO) and 
cadmium sulphide. The photocatalytic oxidation of oxalic acid was also must more 
efficient TiO2 than other semiconductors such as ZnO, WO3 and Fe2O3 (Herrmann et al., 
1983), as was the photocatalytic oxidation ofpolychlorinated dioxins and polychlorinated 
biphenyls (PCBs) (Pelizzetti et al., 1988). Oxidation ofdioxin is much slower than that of 
simple compounds, apparently because ofthe large size of the molecule. 
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Table 1. Organic Contaminants That Have Been Successfully Treated by Photocatalytic 
Oxidation Using TiO2 (Davis, 1994). 
Compounds Reference 
Solvents 
Chloroform, dichloromethane Hsiao et al., 1983 
Trichloroethylene Pmden and Ollis, 1993 
Benzene, perchloroethylene Turchi and Ollis, 1989 
Methyl vinyl ketone Muneer et al., 1992 
Perchloroethylene, dichloroethane 011is et aL, 1984 
Trichloroethylene, trichloroethane Ahmead and Ollis, 1984 
Phenols 
Phenol Okamoto et al., 1985 
Pentachlorophenol Barbeni et al., 1985 
Fluorinated phenols Minero et al., 1991 
Chlorinated phenols Al-Ekabi and Serpone, 1988 
2-Chlorophenol, 3-chlorophenol D'Oliveira et al., 1990 
2,4-Dichlorophenol Ku and Hsieh, 1992 
Pesticides 
Atrazine, simazine, prometryn Pelizzetti et al.’ 1990 
Dimethyl-2,2-dichlorovinyl phosphate Harada et al，1990 
PCBs and Dioxins 
PCBs and dioxins Pelizzetti et al., 1988 
Phenols, benzene, biphenyl, dioxin Barbeni et al., 1986 
3,4-Dichlorobiphenyl Tunesi and Anderson, 1987 
Other organic compounds 
Benzoic and salicylic acids, naphthalene Matthews, 1987 
Formic acid Bideau et al., 1990 
Acetic acid Bideau et al., 1991 
Oxalic acid Herrmann et al., 1983 
Chloral hydrate Tanaka et aL, 1989 
Azo dyes Hustert and Zepp, 1992 
Sodium dodecylbenzene sulfonate Hidaka et al., 1986 
Nonylphenol ethoxylated surfactants Pelizzetti et al., 1989 
^ethylene blue, salicylic acid Matthews, 1989 
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1.5.8a Photocatalytic activation 
As a result of solid-state quantum effects, semiconductor materials possess two 
allowable electron energy bands. The lower energy region is the valence band; electrons 
in this energy band are binding electrons and are somewhat restricted in movement. The 
higher region is the conduction band. These electrons, to a first approximation, are free to 
move throughout the solid and produce conductivity similar to that of metals. Between 
these two regions is a forbidden zone, or bandgap. 
Photoexcitation in a semiconductor occurs as the absorption of radiation of energy 
equal to or greater than, the band gap energy excites an electron (e') into the conduction 
band of the solid (Equation 1). There is, correspondingly, an electron vacancy or hole 
(h+) that remains in the valence band (Figure 4). 
Semiconductor > e" + h+ (1) 
These holes, having an affinity for electrons, are very strong oxidizing agents. 
The number of electron-hole pairs is dependent on the intensity of the incident light and 
the material's electronic characteristics that prevent them from recombining and releasing 
the absorbed energy. The electron is free to move throughout the solid in the nearly 
unoccupied conduction band. Similarly, the hole can migrate by a valence band electron 
filing the vacancy, leaving behind another hole in the previous position. The bandgap 
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Figure 4. Creation of electron-hole pairs in illuminated semiconductors, and subsequent 
photocatalytic redox reactions. 
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energy and corresponding wavelength required for excitation for some common 
semiconductors are given in Table 2. 
The semiconductor potentials for the valence band and the conduction band are 
significantly different. This difference avoids rapid recombination of the electron and 
hole pairs. The band potentials are a function ofpH and decrease by 0.059V per pH unit 
increase as predicted by the Nerst equation (Fujihira et al., 1982; Turchi and Ollis, 1990). 
The holes in the semiconductor solid are attracted to the oxide/sulfide surface, 
where they oxidize an adsorbed water molecule or hydroxide ion. 
h+ + H2O(ads) >OH* + H+ (2) 
h+ + OH- (ads) >OR* (3) 
Hydroxyl radicals are very reactive neutral species with an unpaired electron. 
They react rapidly and non-selectively in the oxidation of organic compounds and are the 
common oxidizers in AOP and high-pH ozone systems. 
Equations 2 and 3 are likely to occur for two reasons. One is that large quantities 
of OH' and H2O groups are available as adsorbates, and the chances of holes reacting 
with these groups on the semiconductor surface are high. The second reason is that for 
several 
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Table 2. Some Common Semiconductors, Their Bandgap Energies (at pH 0)，and 
Corresponding Excitation Wavelength (Maruska and Ghosh, 1978; Sakata and Kawai, 
1983). 
Semiconductor Bandgap (eV) Wavelength (nm) 
TiO2 3.0-3.2 413-388 
ZnO 3.2 388 
ZnS 3.7 335 
CdS 2.4 516 
Fe2O3 2.3 539 
WO3 2.8 443 
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semiconductors the oxidation potentials of these reactions are above (more negative than) 
the potential for the valence band over the entire pH range. Reaction 2 is favored at low 
pH and Reaction 3 at higher pH values (Turchi and Ollis, 1990). 
1.5.8b Enhancement of reaction rates of photocatalytic reaction 
In order to utilize photocatalytic oxidation (PCO) as a viable treatment process, 
the oxidation should be rapid and efficient. Several methodologies have been examined, 
affecting both the TiO2 solid and the makeup of the aqueous suspension, to enhance the 
effectiveness ofPCO. 
Harada (1990) reported that an enhanced PCO of organophosphorus insecticide 
by the addition ofhydrogen peroxide (H2O2). Tanaka (1989) noted that low concentration 
of H2O2 enhanced the photocatalytic oxidation of TCE and chloral hydrate, but rate 
inhibition occurred at higher H2O2 addition. Several other reports of both enhancement 
and inhibition by H2O2 have been published (Pelizzetti et al., 1991). 
Apart from H2O2, PCO rates can also be increased by the addition of inorganic 
oxidizing agents to the suspension (Pelizzetti et al., 1991). Peroxydisulfate, periodate, 
and chlorate enhanced oxidation rates by both scavenging electrons and direct reaction 
with the substrate. 
Another procedure that has received considerable attention for the enhancement 
of PCO rates involves the supplemental addition of dissolved metals to the titanium 
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dioxide suspension. Addition of dissolved transition metals has been observed to increase 
the rate of TiO2 photocatalytic oxidation by a factor of between 1 to 5 over that in the 
absence of any metal ions (Fujihira et al., 1981a; Fujihira et al., 1981b and Wei et al., 
1990). For example, Pelizzetti (1988) found that addition of Ag+ and Fe^+ ions to an 
illuminated TiO2 reaction system increased the degradation rate of 2-chlorodibenzo-p-
dioxin. Similarly, the initial PCO rates of phenol (Okamoto et al., 1985a) was increased 
by the addition of dissolved Cu!+. The copper co-anion slightly affected the reaction rate. 
In most cases the enhancement was less at higher metal concentrations, and an optimum 
concentration of dissolved metals was noted. 
The use of adsorbents in combination of TiO2 was reported to increase the 
reaction rate ofPCO (Tsukasa et al., 1996). Since the concentration of the pollutants to 
be decomposed is in ppm level or less in many cases, their low frequent collision with 
TiO2 photocatalysis makes the reaction rate of mineralization very slow. Then, it is 
required to devise a special technique that enables the photocatalyst to decompose with 
high reaction rates. In addition, care must be taken to avoid the secondary pollution that 
is caused by the intermediates produced during the course of photodecomposition of the 
target pollutants. The intermediates may in some cases be more harmful than the target 
pollutant. In those cases, it becomes essential to mineralize the organic species 
completely without the release of the intermediates from the photocatalyst. One of the 
promising approaches to achieve these things may be the use of adsorbents as supporting 
materials for TiO2 loading. The use of activated carbon as a support for TiO2 was 
effective in the enhancement ofthe rate of complete decomposition of 3,5-dichloro-N-(3-
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methyl-l-butyn-3-yl)benzamide, which is commonly called propyzamide (Tsukasa et al., 
1996). 
1.5.9 Biosorption of azo dyes by Pseudomonas sp. K-1 
Pseudomonas sp. K-1 was isolated by Mak (1995) from sludge polluted by a 
large-scale textile-dyeing factory in Tsuen Wan. Microorganisms in the sludge are 
constantly exposed to dyestuffs, which creates a selection pressure for the development 
of resistant or tolerant qualities within them. Therefore, it is a very good chance of 
isolating microorganisms of dye-absorbing or dye-degrading qualities in contaminated 
area. 
Pseudomonas sp. K-1 is a Gram-negative, rod shape bacterium of an average size 
of5 |^ m without flagella or cilia. Lai (1997) optimized the condition for dye absorption in 
Pseudomonas sp. K-1. It was found that the most favorable conditions for bacterial 
growth with best removal capacity (RC) of dye in screening medium were: inoculum 
from 36 h of inoculated culture shaken at 100 rpm and incubated at 30°C in a shaker 
running at 100 rpm for 36 h. The RC of Pseudomonas sp. K-1 was hardly affected by 
temperature. Low pH was favorable for the biosorption of dyes. Lai (1997) compared the 
RC of Pseudomonas sp. K-1 with activated carbon and fly ash. She found that 
Pseudomonas sp. K-1 generally had a higher RC than activated carbon and fly ash for azo 
and non-azo dyes. Moreover, the time for equilibrium was much shorter in Pseudomonas 
sp. K-1 than activated carbon and fly ash. This indicated that Pseudomonas sp. K-1 was a 
superior sorbent (more and faster) than activated carbon and fly ash. 
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1.6 Water pollution in Hong Kong 
In Hong Kong, textile dyeing and finishing industry has played an important role 
in economic development since the early 1970's. However, as one of the main water 
pollution sources, dyeing and finishing processes also generate a lot of effluents with 
high organic strength and colors. Generally conventional biological treatment processes 
have certain difficulties in degrading those dye chemicals causing high COD and color in 
the effluent. A significant portion, about 40-70% of COD and color in textile effluents, 
are still remaining, necessitating an advanced treatment (Table 3). Studies using physical 
and chemical processes to further reduce COD and color in dyeing wastewater have been 
intensively reported (Matthews, 1991; Davis et al., 1994; Huang et al., 1993; Zhang et 
f 
«/., 1994). However, dyeing and finishing factories in Hong Kong are commonly located 
in multi-storey buildings. It is difficult for them to find out sufficient space to house a 
sophisticated wastewater treatment system. Thus, it is necessary to develop a cost-
effective approach for a practical application (Li and Zhao, 1996). 
1.7 Purpose of study 
The discharge of highly colored waste not only is aesthetically displeasing, but 
also impedes light penetration, thus upsetting biological processes and productivity 
within a stream. A study by the Water Engineering Research Laboratory, 
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Table 3. Characteristics of dyeing wastewater and performance of IDEA biological 
reactor (Li, 1997). 
Raw wastewater Bio-treated Removal 
Parameter Wastewater (%) 
WW* WW** WW* WW** WW* WW** 
COD (mg/L) I m 2 l ^ 598 m 447 ^ 
BOD5 (mg/L) 365 1194 28 318 92.3 73.3 
TSS (mg/L) 82 110 52 35 36.6 68.2 
PH 8.47 7.98 7.82 7.53 - -
Color (Lovibond unit) 6.3 38.1 4.7 34.3 25.4 10 
WW*-Reactive dye wastewater sample 
WW**-Acid dye wastewater sample 
25 
Environmental Protection Agency in 1988 found that 11 of the 18 selected azo dyes 
apparently untreated even passed through the activated sludge process. Azo dyes are 
therefore selected in the present study because of their possible toxicity and 
carcinogenicity. Biodegradation is slow for most dyes (Meyer, 1981) but biosorption of 
dyestuffs by bacterial cells is fast and appears feasible and promising (Hu, 1992). 
Glaze and his colleagues first introduced advance oxidation process (AOP) in 
1987. During AOP, sufficient quantity of hydroxyl radicals is generated which can 
completely degrade organic contaminants in aqueous system. Many studies indicate that 
AOP is a very effective and promising technology for the treatment of dye-containing 
wastewater. To increase the efficiency of the degradation process, an adsorbent can be 
used to concentrate the dye before the chemical degradation. The dye adsorption ability 
of Pseudomonas sp. K-1 was better than those of fly ash and activated carbon and 
therefore it was selected as an adsorbent to enhance the chemical degradation of synthetic 
dyes. It has been reported that the use of adsorbent in combination of TiO2 can increase 
the reaction rate of degradation of recalcitrant organics and avoid the secondary pollution 
caused by the intermediates produced during the course of photodecomposition of target 
pollutants (Tsukasa et al., 1996). So far only inorganic adsorbents were attempted to 
work with TiO2 in photocatalytic degradation. The purpose of this study is to increase the 
rate ofphotocatalytic degradation ofazo dyes by using a biosorbent, Pseudomonas sp. K-
1. As mentioned before, Pseudomonas sp. K-1 showed higher removal capacity than fly 
ash and activated carbon. Therefore, it is a very good biosorbent as a model of study in 
the enhancement of photocatalytic degradation. 
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2 Objectives 
• design of a laboratory-scale photocatalytic reactor for PCO of azo dyes, 
• optimizations of photocatalytic degradation of azo dyes by PCO and modified PCO, 
• immobilization of titanium dioxide and cells of Pseudomonas sp. K-1 in alginate for 
the degradation of azo dyes by modified PCO, 
• analysis of dye degradation products formed in PCO using FTIR with diffuse 
reflectance accessories and ^^NMR and 
• toxicological evaluation of dye degradation products formed in modified PCO using 
Microtox® test. 
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3 Materials and Methods 
3.1 Materials 
3.1.1 Azo dyes 
Five azo dyes that are commonly used in local textile and dyeing industries were 
selected for the present study. Procion red MX-5B was provided by Imperial Chemical 
Industry (ICI) company. Reactive red 241, reactive orange 16 and reactive violet 5 were 
provided by a local dyeing factory. Congo red was purchased from Sigma Chemical 
Company Ltd. The structures of the azo dyes are shown in Figure 5. 
3.1.2 Biosorbent 
Pseudomonas sp. K1 was isolated by Mak (1995) from a dye-contaminated sludge 
near a textile dyeing factory in Tsuen Wan. The bacterium was kept in screening medium 
plate with different azo dyes (Appendix 1) at 30°C for two weeks. 
3.1.3 Chemicals 
Titanium dioxide (TiO2) P25 was a gift from the Degussa Ltd. Thirty-five percent 
hydrogen peroxide (H2O2) was purchased from Riedel-de Haen. Alginic acid was 
purchased from Sigma Chemical Company Ltd. 
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Figure 5. Structures of azo dyes. 
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Figure 5. Structures of azo dyes (cont'd). 
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3.2 Photocatalytic reactor 
A pyrex glass column of 2.4 mm thick with a height of 430 mm and external 
diameter of 25 mm was used as a container to provide an effective volume of 170 mL. 
Eight Cole-Parmer UV lamps with a maximum emission at 365 nm was surrounding the 
glass column (Figure 6). A hollow stainless steel cylinder was used as an enclosure to 
reflect UV back to the central pyrex glass column (Figure 7). An UVP UVX digital 
radiometer was used to measure the intensity at 365 nm of each UV lamp at a fixed 
distance (Figure 8). A control panel (Figure 9) could vary the UV intensity applied to the 
glass column. A fan was mounted on top of the reactor for the exhaust of excess heat 
produced by the UV lamps. 
3.3 Determination of the peak absorbance of five azo dyes at different pH 
Stock solution (10,000 mg/L) of procion red MX-5B, congo red, reactive red 
241，reactive violet 5 and reactive orange 16 were prepared. Aliquot of each stock 
solution was added into 200 mL of distilled water to prepare a final dye concentration of 
40 mg/L. The pH ofdyes were adjusted from 2 to 12 by adding 0.2N NaOH or 36% HC1 
and recorded by an Orion Expandable Ion Analyser EA 940 with a pH probe. The peak 
absorbances of each dye at different pH were determined by a Milton Roy Spectronic 
3000 Array spectrophotometer (Figure 10). 
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Figure 6. Eight Cole-Parmer UV lamps mounted on a circular steel frame to provide UV 
irradiation. 
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Figure 7. A hollow stainless steel cylinder used as an enclosure. 
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Figure 8. An UV radiometer. 
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Figure 9. Control panel used to control the intensity ofUV applied to the glass column. 
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Figure 10. A Milton Roy Spectronic 3000 Array spectrophotometer. 
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3.4 Determination of dye concentration by measuring at peak absorbance 
Solution of 100 mg/L of each dye was prepared by diluting 10,000 mg/L stock 
solution with distilled water. They were then serially diluted to 100, 50, 25, 12.5 and 6.25 
mg/L. Absorbances were measured by a Milton Roy Spectronic 601 spectrophotometer at 
wavelengths of their respective peak absorbances (Figure 11). A standard curve of dye 
concentration and their peak absorbance were generated. 
3.5 Determination of pseudo-first-order rate constant 
The equation of a typical degradation by the advance oxidation process is outlined 
in Equation 4. According to the rate law (Equation 5), the rate of a reaction can be 
dependent on a lot of variables. 
aDye + b •OH — cDpa + dDpb + eDpn (4) 
Rate Law: 
r = k [Dye]ni[.OH]n2[Dpa]n3[Dpb]n4[Dpn]n5 (5) 
where _OH is hydroxyl radical 
Dpa, Dpb and Dpn are different possible degradation products 
r is the rate of reaction 
k is the rate constant 
However, it has been reported that many photocatalytic reactions are first order 
reactions (Davis et al, 1994; Vinodgopal et al., 1996) and therefore one can assume that 
the photocatalytic degradation of dyes resembles a first order reaction (Equation 6) and 
the rate constant obtained is called pseudo-first-order rate constant. 
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Figure 11. A Milton Roy Spectronic 601 spectrophotometer. 
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r = k'[Dye]i (6) 
-d[Dye]/dt = k'[Dye] 
k'= -ln ([Dye]/[DyeO])/t 
k，= pseudo-first-order rate constant 
Pseudo-first-order rate constant is determined from the slope of the plot of 
ln([C]/[Co]) (where [C] is the concentration of dye) vs time. The coefficient of 
determination indicates good fits. It should be emphasized that variation in parameters 
such as initial concentration of dye, TiO2 and H2O2, etc. may all affect the rate of dye 
degradation. In order to study the effect of optimization in the photocatalytic processes, 
all parameters were held constant except the one of interest. 
3.6 Effect of initial concentration of procion red MX-5B on photocatalytic 
degradation. 
Twenty mg of TiO2 was stirred in 200 mL distilled water for 10 min to prepare a 
suspension of 100 mg/L TiO2. Aliquots of 0.1，0.2, 0.4 and 0.8 mL 10,000 mg/L procion 
red MX-5B were added into the mixture to reach final concentrations of 5, 10，20 and 40 
mg/L. The suspension was then decanted into a pyrex glass column and fixed inside the 
photocatalytic reactor. Two 15 watts UV lamps at 365 nm were used to provide a total of 
30 watts irradiation for one h. One mL of mixture was collected in an eppendorf tube in 
triplicate for every 10 min. Eppendorf tubes were stored in dark until they were 
centrifuged at 13,000 rpm. Supernatant was then used to measure the remaining dye in 
the mixture. 
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3.7 Effect of initial concentration of hydrogen peroxide on the photocatalytic 
degradation of procion red MX-5B 
Effect of initial concentration of H2O2 in the photocatalytic degradation of 
procion red MX-5B was determined by the procedures described in Section 3.6 except 
the concentration of procion red MX-5B was 40 mg/L and 49, 99, 195, 390 and 780 ^iL 
of35%ofH2O2. 
3.8 Effect of initial pH on the photocatalytic degradation of procion red MX-5B 
Effect of initial pH in the photocatalytic degradation of procion red MX-5B was 
determined by procedure described in Section 3.6，except the initial pH of the mixture 
was adjusted to pH 2，4，6, 8, 10 and 12 by adding 36% HC1 or 2N NaOH. 
3.9 Effect of initial temperature on the photocatalytic degradation of procion red 
MX-5B 
Effect of initial temperature in the photocatalytic degradation of procion red MX-
5B was determined by the procedures described in Section 3.6，except the initial 
temperature was adjusted to 0, 20，40 and 60°C by putting the reaction flask in 
refrigerator or water bath setting to a certain temperature. 
3.10 Effect of titanium dioxide on the photocatalytic degradation of procion red 
MX-5B 
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Effect of titanium dioxide on the photocatalytic degradation of procion red MX-
5B was determined by the procedures described in Section 3.6, except the concentrations 
ofTiO2 were 0，100, 200，500 and 2,000 mg/L. 
3.11 Effect ofUV intensity in the photocatalytic degradation of procion red MX-5B 
Effect of UV intensity in the photocatalytic degradation of procion red MX-5B 
was determined by the procedure described in Section 3.6，except the UV intensities were 
adjusted to 30, 60, 90 and 120 watts per 200 mL effective volume by the control panel. 
3.12 Degradation kinetics of different dyes 
The degradation kinetics of procion red MX-5B, reactive violet 5, congo red, 
reactive red 241 and reactive orange 16 were determined by the procedures described in 
Section 3.6, except the concentration of the five azo dyes were 7.16 x 10'^  M instead of 
40 mg/L. 
3.13 Degradation of40 mg/L of procion red MX-5B under optimized conditions 
Four hundred mg of TiO2 was stirred in 200 mL distilled water for 10 min to 
prepare a suspension of2,000 mg/L TiO2. Aliquot of 40 mg/L of procion red MX-5B was 
prepared by adding 0.8 mL 10,000 mg/L of stock solution into the suspension. Aliquot of 
780 ^iL of 35% H2O2 were added in order to prepare a final concentration of 40 mmole/L 
ofH2O2. The initial pH was adjusted to 10 and the suspension was refrigerated to 0°C. 
The suspension was then decanted into a pyrex glass column fixed inside the 
photocatalytic reactor. Eight 15 watts UV lamps at 365 nm were used to provide 120 
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watts irradiation for 12 min. One mL of mixture was collected in an eppendorf tube in 
triplicates for every two min. Eppendorf tubes were stored in dark until they were 
centrifuged in 13,000 rpm. Supernatant was then used to measure the remaining dye in 
the mixture 
3.14 Degradation ofl,000 mg/L of procion red MX-5B under optimized conditions 
The degradation of 1,000 mg/L of procion red MX-5B under optimized conditions 
was determined by the procedures described in Section 3.13，except that 1,000 mg/L 
procion red MX-5B was prepared by dissolving 200 mg procion red MX-5B into the 
suspension. 
3.15 Temporal change of the concentration of procion red MX-5B in calcium 
alginate beads 
Forty g of alginic acid was dissolved in 1,000 mL of distilled water in a 80°C 
water bath to prepare a 4% alginate solution. It was then diluted into 2% alginate solution 
by adding equal volume of distilled water. The alginate was then poured into a glass 
cylinder tapered at the bottom. Alginate dripped at the bottom of the cylinder would fall 
into 100 mL of 0.2 M CaCb where it would polymerize into calcium alginate beads. The 
end of the tapered cylinder and the surface of calcium chloride was always maintained at 
10 cm. Calcium alginate beads were then kept at 4°C ovemight. After refrigeration, the 
calcium alginate beads were washed with 200 mL of distilled water for three times. The 
beads were dried with a fine net and water was blotted dry on paper towel for 10 min. 
Aliquot of40 mL procion red MX-5B of 100 mg/L was then mixed with the beads with a 
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stirrer bar in dark for three h. Absorbances of the solution were measured to determine 
the change of dye concentration. 
3.16 Temporal change of the concentration of procion red MX-5B in alginate beads 
with T iO2 
Half g of TiO2 was stirred in 50 mL of distilled water for 10 min. It was then 
mixed with 50 mL of 4% alginate solution so that a 2% alginate was prepared. Alginate 
solution was then poured into a glass cylinder tapered at the bottom. Alginate dripped at 
the bottom of the cylinder would fall into 150 mL 0.2 M CaCl2 in a 250 mL beaker where 
it would polymerize into calcium alginate beads. The end of the tapered cylinder and the 
surface of CaCl2 was always maintained at 10 cm (Figure 12). Calcium alginate beads 
were then kept at 4°C ovemight. After refrigeration, the calcium alginate beads were 
washed with 200 mL of distilled water for three times. The beads were dried with a fine 
net and excess water was blotted by paper towel for 10 min. Aliquot of 40 mL of procion 
red MX-5B of 100 mg/L was then mixed with the beads with a stirrer bar in dark for 
three h. Absorbances of solution were measured to determine the change of dye 
concentration. 
3.17 Temporal change of the concentration of procion red MX-5B in alginate beads 
ofl0,000 mg/L T iO2 
Temporal change of the concentration ofprocion red MX-5B in alginate beads of 
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Figure 12. Immobilization ofTiO2 in alginate beads. 
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that one g of TiO2 was stirred in 50 mL of distilled water to prepare a concentration of 
10,000 mg/L TiO2 instead of5,000 mg/L. 
3.18 Effect of the concentration of titanium dioxide in alginate beads in the 
photocatalytic degradation of procion red MX-5B 
Aliquots of 0, 10, 50, 100，500 and 4,000 mg TiO2 were stirred in 50 mL of 
distilled water for 10 min. It was then mixed with 50 mL of 4% alginate solution so that a 
2% alginate was prepared. Alginate solution was then poured into a glass cylinder tapered 
at the bottom. Alginate dripped at the bottom of the cylinder would fall into 150 mL of 
0.2 M CaCl2 in a 250 mL beaker where it would polymerize into calcium alginate beads. 
The end of the tapered cylinder and the surface of CaCl2 was always maintained at 10 
cm. Calcium alginate beads were then kept at 4°C overnight. After refrigeration, the 
calcium alginate beads were washed with 200 mL of distilled water for three times. The 
beads were dried with a fine net and excess water was blotted by paper towel for 10 min. 
Aliquot of 40 mL procion red MX-5B of 100 mg/L were then mixed with the beads with 
a stirrer bar in dark for one h. After the equilibrium, the beads together with the dye 
would be decanted into a pyrex glass column and fixed inside the photocatalytic reactor 
(Figure 13). Eight 15 watts UV lamps at 365 nm were used to provide 120 watts 
irradiation for one h. One mL of suspension was collected in an eppendorf tube in 
triplicates for every 10 min. Eppendorf tubes were stored in dark until they were 





Figure 13. Dyes and TiO2-alginate beads was decanted into a pyrex glass cylinder inside 
the photocatalytic reactor. 
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3.19 Effect of hydrogen peroxide in the photocatalytic degradation of procion red 
MX-5B in 5,000 mg/L TiO2-alginate beads 
Effect of H2O2 on the photocatalytic degradation of procion red MX-5B in 
alginate beads with 5,000 mg/L TiO2 was determined by the procedures described in 
Section 3.18, except that 0, 50, 200, 400 and 1600 ^L of35% H2O2 were added into the 
reaction mixture. 
3.20 Temporal change of the concentration of procion red MX-5B in alginate beads 
with 5,000 mg/L 0 f T i O 2 
Two hundred and fifty mg ofTiO2 was stirred in 25 mL of distilled water for 10 
min. It was then mixed with 25 mL of4% alginate solution so that a 2% alginate solution 
was prepared, the alginate was poured into a glass cylinder tapered at the bottom. 
Alginate dripped at the bottom of the cylinder would fall into 100 mL of0.2 M CaCl2 in a 
250 mL beaker where it would polymerize into calcium alginate beads. The end of the 
tapered cylinder and the surface of CaCl2 was always maintained at 10 cm. Calcium 
alginate beads were then kept at 4°C ovemight. After refrigeration, the calcium alginate 
beads were washed with 200 mL distilled water for three times. The beads were dried 
with a fine net and excess water was blotted by a paper towel for 10 min. Aliquot of 100 
mL of 50 mg/L procion red MX-5B was then mixed with the beads with a stirrer bar in 
dark for three h. Absorbances were measured to determine the change of dye 
concentration. 
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3.21 Effect of biomass of Pseudomonas sp. K1 on the photocatalytic degradation of 
procion red MX-5B in alginate beads with 5,000 mg/L of TiO2 
A colony of Pseudomonas sp. K1 from screening medium with 50 mg/L of dye 
was inoculated to 400 mL screening medium in a lL Erlenmeyer flask containing 2.5 
mg/L glucose. The culture was grown at 30°C and shaked at 100 rpm. After 21 h of 
incubation, 40 mL of inoculum were taken out from the cultures and inoculated to 400 
mL fresh screening medium in a 1 L flask. The cultures were grown at 30°C in a shaker 
running at 100 rpm for 36 h. The bacterial cells were harvested by centrifugation at 
10,000 rpm for 15 min. The cell pellet was washed and resuspended by 10 mM Tris 
buffer twice. Two mL of resuspended cells and two mL of Tris buffer (See Appendix 2) 
were oven dried at 105°C ovemight to determine the dry weight of bacterial cells. The 
dry weights of bacterial cells were calculated by subtracting the average weight of Tris 
buffer from the average weight of bacterial cells. Meanwhile, the resuspended cells 
would be stored in refrigerator at 4°C. 
Two hundred and fifty mg ofTiO2 were stirred in 25 mL of distilled water for 10 
min. Aliquots of 0, 2.5, 5 and 10 mg bacterial cells were added into the suspension 
respectively. It was then mixed with 25 mL of 4% alginate solution so that a 2% alginate 
solution was prepared. Alginate solution was then poured into a glass cylinder tapered at 
the bottom. Alginate dripped at the bottom of the cylinder would fall into 150 mL of 0.2 
M CaCl2 in a 250 mL beaker where it would polymerize into calcium alginate beads. The 
end of the tapered cylinder and the surface of CaCl2 was always maintained at 10 cm. 
Calcium alginate beads were then kept at 4°C ovemight. After refrigeration, the calcium 
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alginate beads were washed with 200 mL distilled water for three times. The beads were 
dried with a fine net and excess water was blotted by a paper towel for 10 min. The beads 
were then decanted into a pyrex glass column. Four hundred i^L of35% H2O2 was added 
into 100 mL procion red MX-5B of 50 mg/L. The dye with the H2O2 was then mixed 
with the beads in the glass cylinder. Eight 15 watts UV lamps at 365 nm were used to 
provide 120 watts irradiation for one h. Suspensions were collected in an eppendorf tube 
at the end ofthe reaction. Eppendorf tubes were stored in dark until they were centrifuged 
in 13,000 rpm. Supernatant was then used to measure the remaining dye in the mixture. 
3.22 Diffuse reflectance-IR spectroscopic analysis of degradation product(s) 
Five hundred mg ofTiO2 was suspended in 200 mL ofdistilled water for 10 min. 
One hundred mg of procion red MX-5B, reactive red 241，reactive violet 5, reactive 
orange 16 or congo red was added into the 200 mL suspension and stirred until dissolved. 
One hundred mL of suspension was stored in dark while another 100 mL of suspension 
were photocatalytically degraded until the color disappeared. Both of them were frozen 
by liquid nitrogen and later freeze-dried in dark for three days. They were then collected 
in powder form and analyzed with a Nicolet Magna-IR 560 spectrometer with diffuse-
reflectance accessories (Figure 14). 
3.23 Nuclear magnetic resonance spectroscopic analysis of degradation products 
One g of TiO2 was suspended in 200 mL of distilled water for 10 min. Two 
hundred mg procion red MX-5B, reactive red 241, reactive violet 5, reactive orange 16 or 
congo red was added into the 200 mL suspension and stirred until dissolved. One 
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Figure 14. A Nicolet Magna-IR 560 spectrometer. 
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mL of suspension was stored in dark while the another 100 mL of suspension were 
photocatalytically degraded until the color disappeared. Both of them were frozen by 
liquid nitrogen and later freeze-dried in dark for three days. They were then collected in 
powder form and analyzed with a BRUKER ARX 500 with 500 MHz/52MM 
Cryomagnet spectroscope (Figure 15). 
3.24 Toxicological evaluation of degradation products using Microtox® test 
Five hundred mg ofTiO2 were stirred in 50 mL of distilled water for 10 min. 10 
mg of Pseudomonas sp. K1 was added into the suspension. It was then mixed with 50 mL 
of 4% alginate solution so that a 2% alginate solution was prepared. Alginate solution 
was then poured into a glass cylinder tapered at the bottom. Alginate dripped at the 
bottom of the cylinder would fall into 150 mL 0.2 M of CaCl2 in a 250 mL beaker where 
it would polymerize into calcium alginate beads. The end of the tapered cylinder and the 
surface 0fCaCl2 was always maintained at 10 cm. Calcium alginate beads were then kept 
at 4°C ovemight. After refrigeration, the calcium alginate beads were washed with 200 
mL distilled water for three times. The beads were dried with a fine net and excess water 
was blotted by a paper towel for 10 min. The beads were then decanted into a pyrex glass 
column. One hundred mL procion red MX-5B of 400 mg/L were mixed with the beads in 
the glass cylinder. Eight 15 watts UV lamps at 365 nm were used to provide 120 watts 
irradiation until the red color disappeared. Ten mL of samples were collected in a test 
tube. Samples were filtered through a 22 i^m milli-pore filter in a filter head connecting 
to a syringe. Supernatant was then used to measure toxicity in a Microbics M500 toxicity 
analyzer (Figure 16). 
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Figure 15. A Bruker ARX 500 with 500 MHz/52MM Cryomagnet. 
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Figure 16. A Microbics M500 Toxicity Analyzer. 
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4 Result 
4.1 Biosorption of dyes by Pseudomonas sp. K1 
The colony of Pseudomonas sp. K1 was pale yellow in color. When this 
bacterium was streaked on agar plates with 50 mg/L of azo dyes, the colony of 
Pseudomonas sp. K1 was heavily stained by different colors of dyes as shown in Figures 
17-21. Moreover, dyes tend to accumulate around the colonies. It was most obvious in 
agar plates with procion red MX-5B, reactive red 241 and congo red. It should be noted 
that it took about two weeks for the colonies to be heavily stained. Initially, the colonies 
were only lightly stained. Two weeks later, the colonies were stained more intensely. It 
was believed that this bacterium adsorbed dye in the stationary phase of growth. 
4.2 UV intensities of the eight Cole-Parmer UV lamps at 365 nm 
The UV intensity varies from 2.06 mW/cm^ to 2.21 mW/cm^ with a mean of 
2.13mW/cm^ and a standard deviation of 0.05mW/cm^ (Table 4). 
4.3 Determination of the peak absorbance of five azo dyes at different pH using 
scanning spectrophotometer 
Tables 5-9 and Figures 22-26 show the peak absorbances of five azo dyes at 
different pHs using scanning spectrophotometry. Peak absorbances of procion red MX-
5B, reactive red 241, reactive violet 5 were basically unchanged from pH 2 to 12 whereas 
reactive orange 16 and congo red showed obvious change in their color at a high pH. The 
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Figure 17. Colonies of Pseudomonas sp. K1 heavily stained by procion red MX-5B. 
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Figure 21. Colonies of Pseudomonas sp. K1 heavily stained by congo red. 
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Table 4. UV intensities of the eight UV lamps in a photocatalytic reactor. 
Lamp number in the control panel UV intensity at 365nm (mW/cm^) 
Lamp 1 Z08 
Lamp2 2.17 
Lamp 3 2.06 
Lamp 4 2.12 
Lamp 5 2.21 
Lamp6 2.15 
Lamp7 2.15 
Lamp 8 2.07 
Mean=2.13 
S.D = 0.05 
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Table 7. Effect of pH on peak absorbances ofreactive orange 16. 
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Figure 22. Effect of pH on peak absorbances of procion red MX-5B. 
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Table 7. Effect of pH on peak absorbances ofreactive orange 16. 
pH Peak absorbances (nm) 
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Figure 23. Effect of pH on peak absorbances of reactive red 241. 
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Table 7. Effect of pH on peak absorbances ofreactive orange 16. 
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Figure 24. Effect of pH on peak absorbances of reactive orange 16. 
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Table 7. Effect of pH on peak absorbances ofreactive orange 16. 
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Figure 25. Effect of pH on peak absorbances of reactive violet 5. 
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Table 7. Effect of pH on peak absorbances ofreactive orange 16. 
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Figure 26. Effect ofpH on peak absorbances of congo red. 
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change of color was most obvious in congo red in which a change from orange to violet 
was observed when the pH changed from 8 to 12. This result indicated that the 
quantitation of these two dyes at high pH might not be accurate. 
Wavelengths for measuring dye concentration in later studies were 538 nm for 
procion red MX-5B, 544 nm for reactive red 241，493 nm for reactive orange 16, 559 nm 
for reactive violet 5 and 496 nm for congo red. 
4.4 Determination of dye concentration by measuring at peak absorbance 
Figures 27-31 show the difference of the linearity of 0 to 100 mg/L and 0 to 50 
mg/L of the five azo dyes. It was noticed that at 100 mg/L of dyes, the absorbance at 
particular wavelength was always larger than two. Linearity was lowered when 0 to 100 
mg/L of dye concentration was plotted whereas at 50 mg/L of dye concentration, 
absorbance at particular wavelength was close to one. Linearity was established with r^  
about 0.999. 
4.5 Effect of initial concentration of procion red MX-5B in photocatalytic 
degradation rate 
Figure 32 shows the effect of initial concentration of procion red MX-5B on the 
rate of photocatalytic degradation. Pseudo-first-order rate constant decreased when the 
concentration of dye increased. The rate constant decreased for more than 50 % when the 
dye concentrations increased from 5 to 10 mg/L. Then the rate constant decreased slowly 
from 0.0657 to 0.0131 as the dye concentration increased from 10 to 40 mg/L. 
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Figure 32. Effect of initial concentration of procion red MX-5B on the rate 
constant of the photocatalytic reaction. Experimental conditions: Ti〇2= 
100 mg/L, 30W UV lamps of 365nm. Each point and error bar represent 
respective mean and standard deviation of duplicates. 
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4.6 Effect of initial concentration of hydrogen peroxide on the photocatalytic 
degradation of procion red MX-5B 
Figure 33 shows the effect of initial concentration of H2O2 on the photocatalytic 
degradation of procion red MX-5B. Pseudo-first-order rate constant increased linearly 
from 0 to 5 mmole/L ofH2O2. When the concentration further increased from 10 to 40 
mmole/L, the pseudo-first-order rate constants remained nearly the same. This result 
indicated that a further addition of H2O2 at 10 mmole/L was not cost-effective (Figure 
33). 
4.7 Effect of initial pH on photocatalytic degradation of procion red MX-5B 
Figure 34 shows the effect of initial pH on the photocatalytic degradation of 
procion red MX-5B. Pseudo-first-order rate constant increased with the increasing pH. 
However, the rate constant remained unchanged as the pH increased from 2 to 4. 
4.8 Effect of initial temperature on photocatalytic degradation of procion red MX-
5B 
Figure 35 shows the effect of initial temperature in the photocatalytic degradation 
of procion red MX-5B. Pseudo-first-order rate constant decreases with the increasing 
temperature. However, the decrease of rate constant was more rapidly as the temperature 
increased from 0 to 20°C. The decrease of rate constant was more slowly as the 
temperature increased from 20 to 60。C (Figure 35). 
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Figure 33. Effect of initial concentration of hydrogen peroxide on the photocatalytic 
degradation of procion red MX-5B. Experimental conditions: TiO2=IOO mg/L, 
30 W UV lamps at 365 nm, concentration of procion red MX-5B=40 mg/L.Each 
point and error bar represent respective mean and standard deviation ofduplicates. 
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Figure 34. Effect of initial pH on the photocatalytic degradation of procion 
red MX-5B. Experimental conditions: TiO2=IOO mg/L, 30 W UV lamps 
at 365 nm, concentration of procion red MX-5B=40 mg/L. Each point 
and error bar represent respective mean and standard deviation of duplicates. 
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Figure 35. Effect of temperature on the photocatalytic degradation of procion 
red MX-5B. Experimental conditions: TiO2=IOO mg/L, 30 W UV lamps at 
365 nm, concentration of procion red MX-5B= 40 mg/L. Each point and 
error bar represent respective mean and standard deviation of duplicates. 
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4.9 Effect of titanium dioxide on photocatalytic degradation of procion red MX-5B 
Figure 36 shows the effect of TiO2 on the photocatalytic degradation of procion 
red MX-5B. Pseudo-first-order rate constant increased linearly with the concentration of 
TiO2 increased from 0 to 500 mg/L. When the TiO2 concentration further increased to 
2,000 mg/L, the increase in the pseudo-first-order rate constant was lowered. This result 
indicated that a further addition ofTiO2 beyond 500 mg/L was not cost-effective. 
4.10 Effect ofUV intensity on photocatalytic degradation of procion red MX-5B 
Figure 37 shows the effect of UV intensity in the photocatalytic degradation of 
procion red MX-5B. Pseudo-first-order rate constant increased linearly with the 
increasing UV intensity applied to the reactor. 
4.11 Photocatalytic degradation kinetics of different azo dyes 
Figure 38 shows the degradation kinetics of different azo dyes. Procion red MX-
5B, reactive red 241, reactive orange 16 were monoazo dyes which had very similar 
pseudo-first-order rate constant. Congo red, a diazo dye, had a much smaller pseudo-first-
order rate constant than that ofthe monoazo dyes. Reactive violet 5, a monoazo dye, had 
a pseudo-first-order rate constant very similar to that of congo red. 
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Figure 36. Effect ofTiO2 on the photocatalytic degradation of procion 
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Figure 37. Effect of UV power in the photocatalytic degradation of procion red MX-5B. 
Experimental conditions: TiO2=IOO mg/L, UV lamps at 365 nm,concentration of procion 
red MX-5B= 40 mg/L. Each point and error bar represent respective mean and standard 
deviation of duplicates. 
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Figure 38. Degradation kinetics of different dyes. PR=procion red MX-5B; RV=reactive 
violet 5;CR=congo red; RR=reactive red 241; RO=reactive orange 16. Experimental 
conditions: TiO2=IOO mg/L, 30 W UV lamps at 365 nm, concentration of different dyes= 
7.16x10_5 M. Each error bar represents respective standard deviation of duplicate. 
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Under optimized conditions (TiO2= 2,000 mg/L, 40 mmole/L H2O2, 120 W UV lamps at 
365 nm, concentration of procion red MX-5B=40 mg/L, initial pH=10 and initial 
temperature=0。C), the photocatalytic degradation of 40 mg/L reactive red 241 took only 
4 mins and more than 90% of the dye was degraded (Figure 39). 
4.13 Photocatalytic degradation of 40 mg/L of procion red MX-5B under optimized 
conditions 
Under optimized conditions (same as those in Section 4.12), the photocatalytic 
degradation of40 mg/L of procion red MX-5B took only 10 mins and more than 90% of 
the dye was degraded (Figure 40). 
4.14 Photocatalytic degradation of 1,000 mg/L of procion red MX-5B under 
optimized conditions 
Under optimized conditions, the photocatalytic degradation of 1,000 mg/L of 
procion red MX-5B required 180 mins and more than 90% of the dye was degraded 
(Figure 41). 
4.15 Temporal change of the concentration of procion red MX-5B in calcium 
alginate beads 
In order to study the photocatalytic degradation of procion red MX-5B in alginate 
beads, it was necessary to determine the effect of dilution when alginate beads were 
added to dye. The dilution by alginate beads was determined by using 100 mL alginate 
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Figure 39. Degradation of reactive red 241 under optimized condition. Experimental 
conditions: TiO2=2,OOO mg/L, 120 W UV lamps at 365 nm, concentration of 
reactive red=40 mg/L, pH=10, initial temperature=O^C, concentration of hydrogen 
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Figure 40. Degradation of40 mg/L procion red MX-5B under optimized 
conditions. Experimental conditions: TiO2= 2,000 mg/L, 40 mmole/L 
hydrogen peroxide, 120 W UV lamps at 365 nm, concentration of procion 
red MX-5B= 40 mg/L, initial pH=10, initial temperature=0°C. Each point 
and error bar represent respective mean and standard deviation of duplicates. 
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Figure 41. Degradation of1,000 mg/L procion red MX-5B under optimized 
conditions. Experimental conditions: TiO2= 2,000 mg/L, 40 mmole/L hydrogen 
peroxide, 120 W UV lamps at 365 nm, concentration of procion red MX-5B= 
1,000 mg/L, initial pH=10, initial temperature=0°C. Each point and error bar 
represent respective mean and standard deviation of duplicates. 
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beads mixed with 40 mL of procion red MX-5B of 100 mg/L (Figure 42). It was 
observed that the dye was almost diluted into half of the original concentration. One h 
was required for the dye concentration to attain equilibrium in alginate beads. 
4.16 Temporal changes of the concentration of procion red MX-5B in 5,000 mg/L 
TiO2-alginate beads 
In later experiments, TiO2 would be immobilized in the alginate beads. In order to 
study the photocatalytic degradation of procion red MX-5B in alginate beads, it was 
necessary to determine the effect of dilution when TiO2-alginate beads were added to 
dye. The dilution by alginate beads was determined by using 100 mL of alginate beads 
mixed with 40 mL of 100 mg/L of procion red MX-5B (Figure 43). It was observed that 
the dilution was very similar to the previous study. The dye was almost diluted into half 
of the original concentration. One h was required for the dye concentration to attain 
equilibrium in TiO2-alginate beads and the dye concentration remained the same three h 
later. 
4.17 Temporal change of the concentration of procion red MX-5B in 10,000 mg/L 
TiO2-alginate beads 
Temporal change of the concentration of procion red MX-5B in 10,000 mg/L was also 
studied. The dilution by TiO2-alginate was determined when 100 mL of TiO2-alginate 
beads was mixed with 40 mL of 100 mg/L procion red MX-5B as shown in Figure 44. It 
was observed that the dilution was very similar to the previous study. The dye was almost 
diluted into half of the original concentration. One h was required for the dye to 
85 
2.0 - f 
1.8 -
I 1.4- V 










0.0 ^ 1 1 1 1 1 1 1 1 1 1  
0 20 40 60 80 100 120 140 160 180 200 
Time (min) 
Figure 42. Temporal change of the concentration of procion red MX-5B in calcium 
alginate beads with time. Experimental conditions: 100 mL 2% calcium alginate 
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Figure 43. Temporal change of the concentration of procion red MX-5B in alginate 
beads with 5,000 mg/L of TiO2. Experimental conditions: 100 mL TiO2-alginate beads 
of 5,000 mg/L mixed with 40 ml of 100 mg/L of procion red MX-5B. 
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Figure 44. Temporal changes of the concentration of procion red MX-5B in 
10,000 mg/L of TiO2-alginate beads. Experimental conditions: 100 mL of TiO2-
alginate beads of 10,000 mg/L mixed with 40 mL of 100 mg/L of procion red MX-5B. 
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attain equilibrium in TiO2-alginate beads and the dye concentration remained the same 
three h later. 
4.18 Effect of the concentration of titanium dioxide in alginate beads in the 
photocatalytic degradation of procion red MX-5B 
The effect of the concentration of TiO2 immobilized system was very similar to 
that in the suspension system (Figure 45). From 0 to 100 mg/L of TiO2, the pseudo-first-
order rate constant increased linearly with the concentration ofTiO2 in the alginate beads. 
From 500 to 4,000 mg/L ofTiO2, the increase leveled off, which indicated that 500 mg/L 
was an optimum concentration ofTiO2 in alginate beads. 
4.19 Effect of hydrogen peroxide in the photocatalytic degradation of procion red 
MX-5B in 5,000 mg/L 0fTiO2-alginate beads 
The effect of H2O2 in immobilized system was also very similar to that in the 
suspension type (Figure 46). From 0 to 200 i^l of 35% H2O2 added, the pseudo- first-
order rate constant increased linearly with the volume ofH2O2. From 200 to 1,600 i^l of 
35% H2O2, the increase leveled off which indicated that 200 i^l of 35% H2O2 was an 
optimum concentration in the present system. 
4.20 Temporal change of the concentration of procion red MX-5B in alginate beads 
with 5,000 mg/L 0 f T i O 2 
The dilution alginate contributed when 50 mL of TiO2-alginate beads was mixed 
with 100 mL of 50 mg/L of procion red MX-5B was shown in Figure 47. It was observed 
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Figure 45. Effect of the concentration of titanium dioxide in alginate beads on 
the photocatalytic degradation of procion red MX-5B. Experimental conditions: 
concentration of procion red MX-5B= 40 mg/L, 120 W UV lamps at 365 nm. 
Each point and error bar represent respective mean and standard deviation 
of duplicates. 
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Figure 46. Effect of hydrogen peroxide on the photocatalytic degradation of procion 
red MX-5B in 5,000 mg/L TiO2-alginate beads. Experimental conditions:120 W UV 
lamps at 365 nm, concentration of procion red MX-5B= 40 mg/L.Each point and error 
bar represent respective mean and standard deviation of duplicates. 
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Figure 47. Temporal change ofthe concentration of procion red MX-5B in 5,000 mg/L 
of TiO2-alginate beads. Experimental conditions: 50 mL of TiO2-alginate beads of 
5,000 mg/L mixed with 100 mL of 50 mg/L of procion red MX-5B in dark. 
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that the dilution was very similar to the previous studies. The dye was diluted from 50 
mg/L to less than 40 mg/L. One h was also required for the dye to attain equilibrium in 
TiO2-alginate beads and the dye concentration remains the same 3 h later. 
4.21 Effect of biomass of Pseudomonas sp. K1 on the photocatalytic degradation of 
procion red MX-5B in 5,000 mg/L TiO2-alginate beads 
Increasing concentration of Pseudomonas sp. K1 in TiO2-alginate beads showed 
an increase in percentage degradation of procion red MX-5B. Addition of 10 mg of 
Pseudomonas sp. K1 increased the percentage degradation from 55.9% to 75.7%, almost 
20% of increase (Figure 48). The color of the beads after the degradation was more or 
less the same as shown in Figure 49. Addition of more than 10 mg of Pseudomonas sp. 
K1 caused the aggregation of fine TiO2 particles into very coarse particles. As a result of 
this, the TiO2-alginate beads formed would not have the same texture as those with less 
than 10 mg of Pseudomonas sp. K1. TiO2 on the beads surface would be unevenly 
scattered and thus reducing the effective surface for photocatalytic degradation. 
4.22 Degradation products analysis using diffuse reflectance-IR spectroscopy 
Figures 50-54 showed the IR spectrum of five dyes before and after photocatalytic 
degradation. Among the five spectra, it was observed that there were common decrease in 
1,500 cm'i and increase in 1,700 cm"'. The absorption at 1,500 cm'' indicated aromatic 
ring or azo (N=N) bond. A common decrease of absorption at 1,500 cm] indicated 
destruction of aromatic rings or azo bond in the dye molecule. The absorption at 1,700 
cm"' indicated C=0 bond in aldehydes, ketones or carboxylic acid. An increase of 
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Figure 48. Effect of biomass of Pseudomonas sp. K1 in the photocatalytic degradation 
of procion red MX-5B in 5,000 mg/L of TiO2-alginate beads. Experimental conditions: 
120 W UV lamps at 365 nm, 100 ml of 50 mg/L of procion red MX-5B, 50 mL of 5,000 
mg/L TiO2-alginate beads and 400 fiL of 35% H2O2. Each point and error bar represent 
respective mean and standard deviation of duplicates. 
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Figure 49. TiO2-alginate beads immobilized with Pseudomonas sp. K1 after 
photocatalytic degradation. 
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Figure 50. Diffuse reflectance IR spectrum ofprocion red MX-5B before and after PCO. 
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Figure 51. Diffuse reflectance IR spectrum of reactive red 241 before and after PCO. 
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Figure 52. Diffuse reflectance IR spectrum ofreactive orange 16 before and after PCO. 
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Figure 53. Diffuse reflectance IR spectrum ofreactive violet 5 before and after PCO. 
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Figure 54. Diffuse reflectance IR spectrum of congo red before and after PCO. 
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absorption at 1,700 cm"' meant formation of extra C=0 bonds indicating oxidation of 
aromatic rings in the formation of carbonyl groups. It was noteworthy to point out that an 
increase in absorption at 1,250 cm"' was observed in procion red MX-5B. The absorption 
at 1,250 cm.】 was C-0 bonds (e.g. alcohol, carboxylic acid) or C-N bonds (e.g. amines). 
Increase in absorption of 1,250 cm'' might indicate the formation of amines. 
4.23 Degradation products analysis using nuclear magnetic resonance(NMR) 
Figures 55 showed the degradation products analysis ofNMR of procion red MX-
5B. Before degradation, there were strong chemical shifts from 7.03 to 7.60 ppm which 
were characteristic proton chemical shifts of aromatic structures. After degradation, 
disappearance of all these signals indicated the destruction of aromatic rings. There were 
signals in 2.52, 3.77 and 4.03 ppm indicating the formation of carbonyl groups (H-C-
C=0), carboxylic acid (RCOOH) and esters (RCOO-C-H). Absorption in 4.74 might 
come from a vinylic (OC-H) group or an amine (R-NH2). 
4.24 Toxicological evaluation of degradation products using Microtox® test 
Figure 56 showed the toxicity analysis of degradation products by Microtox® test. 
EC50 -5 min was very similar to EC50-15 min, which indicated that the toxicant can pass 
through the membrane easily. Toxicity increased (EC50 decreased) as the degradation 
proceeded. The products were therefore more toxic than the parental compounds. 
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Figure 55. NMR spectrum ofprocion red MX5B (a) before and (b) after PCO. 
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Figure 56. Change of ECgg-S min and EC^Q-IS min of Microtox test during the P C O of 
procion red MX-5B. Experimental conditions: 50 mL of400 mg/L of procion red MX-5B 
degraded by 25 mL of TiO2-alginate beads with 5 mg Pseudomonas sp. K-1, UV power= 
120 W . 
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5 Discussion 
5.1 Biosorption of azo dyes in Pseudomonas sp. K-1 
The colony of Pseudomonas sp. K1 is heavily stained by different dyes as shown 
in Figures 17-21. When the bacterium was streaked on the agar plates with dyes, it did 
not adsorb dyes on its colonies for a few days. After a week or so, the colonies would 
start to be intensely stained. It is believed that this bacterium adsorbs dye in the stationary 
phase but not in its log phase or else it should be observed to adsorb dye from the 
beginning (Lai, 1997). 
Pseudomonas sp. K-1 is a Gram-negative bacterium with specific outer 
membrane (cell wall). The bacterial cell wall is full of nucleophilic groups such as 0-, 
OH- and OR- (Salton, 1964) which are potential substitution of a nucleophilic leaving 
group in the dye molecule (Rys and Zollinger, 1975). Therefore, it is not surprising that 
polysaccharides or polypeptides in the bacterial cell wall or exocellular polymer are the 
site for biosorption of dye. Hu (1992) suggested that many bacteria exert adsorption and 
autoflocculation if the cells can produce exocellular polymers such as polysaccharides 
and some lipoproteins. Exopolysaccharides are primarily composed of carbohydrates 
such as D-glucose, D-galactose and D-mannose, and some organic and inorganic 
substitutes (Sutherland, 1990). Many or almost most microbial exopolysaccharides are 
polyanionic in nature, which are likely the adsorption sites of cationic dyes. However, 
these compounds are usually produced in the stationary phase (Hu, 1992). This may be 
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the reason of why Pseudomonas sp. K-1 adsorbs dye in its stationary phase but not in log 
phase. 
5.2 Optimization of photocatalytic degradation of azo dyes 
5.2.1 Effect of initial concentration of procion red MX-5B on the photocatalytic 
degradation 
The pseudo-first-order rate constant increased from 0.02 mirf】 to 0.14 min'' when 
the concentration of procion red MX-5B decreased from 40 mg/L to 5 mg/L. Several 
possibilities are discussed below to explain this phenomenon. 
Firstly, the rates of photocatalytic oxidation reactions on illuminated TiO2 slurries 
have been previously modeled by the familiar Langmuir-Hinshelwood expression for a 
single component in equation 7 (Matthews, 1988): 
Rate = kiK[D]/(l+K[D]) (7) 
where ki and K are the rate constant and the adsorption equilibrium constant for the dye 
adsorbing on the TiO2 respectively, and [D] is the concentration of reacting species. For a 
large concentration ofD, or K[D]>>1, this expression indicates that the rate will be zero 
order with respect to D. In contrast, for low concentration ofD, or K[D]<<1, the reaction 
will appear to be first-order with respect to D. All the rate constant reported in this study 
were calculated assuming a first-order behaviour, but this might not always be the case. 
105 
Secondly, the increase in rate constant with dilution could also be explained as 
follows: Ultraviolet photons entering the reactor can be absorbed by both TiO2 and the 
dye in the solution. If the concentration of dye is decreased, the path length of photons 
entering the solution is increased, thereby increasing the likelihood of photon absorption 
by the catalyst (Davis et al., 1993). If the concentration of dye is increased, more UV will 
be absorbed by the dye chromophore but not TiO2 and thus fewer radicals will be 
generated resulting in a lower rate of reaction (Shu et al.，1994). 
Davis (1994) suggested that the presence of other competing organics or 
inhibitors would also result in the variation of rate constant. A dilution in competing 
organics or inhibitors might decrease their effects on the photocatalytic degradation and 
thus a higher rate constant obtained. However, this is not likely to happen in this study 
because the dye solution is artificially made instead of direct collection from dyeing-
factory. The possibility of competing organics or inhibitors presented in the dye solution 
is very unlikely. 
5.2.2 Effect of initial concentration of hydrogen peroxide on the photocatalytic 
degradation 
The photocatalytic degradation of procion red MX-5B is enhanced to a great 
extent by the addition of H2O2 (Figure 33). The pseudo-first-order rate constant 
increased ten-fold from 0.01 min'^ to a maximum of0.10 min"^ when H2O2 was up to 40 
mmole/L. It was observed that the increasing trend of the pseudo-first-order rate constant 
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leveled off when H2O2 increased to 10 mmole/L. By increasing the concentration ofH2O2 
by four-fold (40 mmole/L), the increase in the pseudo-first-order rate constant was 
minimal. This result indicates that 10 mmole/L is an optimum concentration of H2O2 in 
the present reactor design while an increase to 40 mmole/L may not increase the rate of 
reaction a lot but on the other hand increase the cost significantly. 
Considerable enhancement in the TiO2-photocatalyzed degradation of 
chlorobenzene and of 2,4-dichlorophenol was achieved by adding electron acceptors, 
such as H2O2. H2O2 was considered to act by scavenging conduction-band electrons, thus 
preventing the wasteful electron-hole recombination, and also by forming further 
oxidizing species, such as hydroxyl radical (Al-Ekabi et al., 1993). H2O2 can form OH* 
via Equation 8 or it can act as the electron scavenger as presented in Equation 9 (Davis, 
1994). 
H2O2 + Ti(III)surf — Ti(IV)surf + OH» + OH" (8) 
H2O2 + CV — OH« + OH- + O2 (9) 
However, excess H2O2 results in the formation of peroxo compounds on the 
surface ofthe TiO2 particles, such as Ti(O)2(OH)2 and Ti(OOH)(OH)3, which inhibit the 
photocatalysis by TiO2 (Schwarzenbach et al., 1970) 
5.2.3 Effect ofinitial pH on the photocatalytic degradation 
Pseudo-first-order rate constant increased by more than two-fold as the pH 
increased from 2 to 10. This might be due to the formation of extra hydroxyl radicals as 
the concentration of OH— increased. This is shown in Equation 10 (Kiwi, 1994). 
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OH- + hvb+ — *OH (10) 
Although there was a good trend of increase in pseudo-first-order rate constant in the 
photocatalytic degradation of procion red MX-5B, it should be noted that so far there is 
no general relationship between the rate of PCO and the suspension pH developed. There 
are several reasons for pH dependence of rate of PCO, but the most important is the 
changing properties of organic substrates. The PCO rate of organic acids that have pH 
dependent speciation change (e.g. phenols, oxalic acid and acetic acid) change with pH 
(Al-Ekabi and Serpone, 1988; Sanghavi, 1992). However, organic substrates, which do 
not undergo such a speciation, behave differently. For example, the PCO rate of toluene, 
has been found to be the same at pH 3, 7 and 9 (Davis et al., 1993). 
As a whole, the effect of pH on PCO kinetics is still very much unknown. No 
general conclusion with respect to pH about PCO has been drawn (Davis, 1994). 
5.2.4 Effect of initial temperature on the photocatalytic degradation 
There was about 50% decrease in the pseudo-first-order rate constant when the 
temperature of the solution was raised from 0 to 60^C. The decrease indicates that the 
PCO is more favorable in low temperature than high temperature. This finding is 
contradictory to those reported by others (Okamoto et aL, 1985b; Alsayyed et al., 1991). 
Theoretically, the rate constant of a chemical reaction should increase when the 
temperature increased. Davis (1994) reported that the observed rates ofthe photocatalytic 
degradation of wastewater dyes were slightly affected by temperature in the range of 25 
to 70°C; and concluded that operations of a photocatalytic wastewater treatment process 
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for dye removal could be carried out effectively at ambient temperature. If this is true, the 
pseudo-first-order rate constant should actually increase from 0 to 60°C. One possible 
reason is the lowering of the solubility of oxygen in the solution when the temperature 
increases. Since oxygen is a very important electron scavenger in the photocatalytic 
oxidation (Equation 11)，a lowering in oxygen tension in water will encourage the 
recombination of the positive holes and electrons which is highly undesirable in the 
photocatalytic oxidation. As a result ofthis, the pseudo-first order rate constant decreased 
although the temperature increased. In the design of photocatalytic reactor, Davis (1994) 
used an air sparger to maintain the oxygen tension in the reactor. On the contrary, no air 
sparger was used in my reactor and therefore oxygen tension changes greatly with 
temperature. 
O2 + e_ — O2' (11) 
5.2.5 Effect oftitanium dioxide on the photocatalytic degradation 
The effect of catalyst concentration on the decolorization rate is illustrated in 
Figure 36，which compares the pseudo-first-order rate constants for decolorization 
obtained with different concentrations (weight percentage) of TiO2 P25 added to the 
wastewater. For catalyst concentration less than 500 mg/L, the decolorization rate 
constant is proportional to the concentration of TiO2. Although decolorization rates 
increased with increasing catalyst concentrations, the rate constants appeared to approach 
a constant value, suggesting that an upper level for catalyst effectiveness exists. It is 
interesting to note that this phenomenon has been observed previously in other 
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photocatalytic reactions over TiO2 for about the same range of catalyst concentrations 
(Okamoto et al., 1985; Davis et al., 1994; Al-sayyed et al., 1991). 
5.2.6 Effect of UV intensity on the photocatalytic degradation 
The effect of UV intensity on the photocatalytic degradation is illustrated in 
Figure 37. A linear relationship was observed between the UV intensity and the rate of 
the reaction. Theoretically, the higher the UV lamp power, the faster is the formation of 
OH* which leads to the higher degradation rate of azo dyes. It is obvious that the more 
UV energy consumed per unit volume, the faster the decolorization of the azo dye. This 
result suggests that light intensity is one of the most important scale-up parameters of the 
photocatalytic process and that it linearly affects the rate constant. 
Photocatalytic oxidation requires irradiation ofUV at 380 nm or below. Four % of 
total sunlight is comprised ofUV radiation that is useful in the PCO process. The use of 
sunlight in PCO processes is also gaining attention. Results from recent studies using 
sunlight have shown promising results (Peterson et al., 1991). Several organic 
contaminants such as trichloroethylene (TCE), trichloroethane (TCA), derivatives of 
chlorobenzene, chlorophenols, pesticides and polychlorodioxins have been treated 
successfully using sun-energized PCO processes (Glatzmaier, 1992; Pacheo et al., 1990). 
However, a sun-energized PCO reactor requires strong and constant sunlight with a large 
surface area. Dyeing and finishing factories in Hong Kong are commonly located in 
multi-storey buildings which is difficult for them to find out sufficient space to house a 
110 
sun-energized wastewater treatment system. Instead, an UV-energized system is more 
appropriate in Hong Kong. 
5.2.7 Degradation kinetics of different dyes 
The dye degradation kinetics is illustrated in Figure 38. Procion red MX-5B, 
reactive red 241, reactive orange 16 are monoazo dyes which had very similar pseudo-
first-order rate constant. Congo red, a diazo dye, had a pseudo-first-order rate constant 
half of that of the monoazo dyes. Reactive violet 5, a monoazo dye, had a pseudo-first-
order rate constant very similar to congo red. This is slightly different from the study 
conducted by Shu et al. (1994) on the degradation of seven azo dyes in the pilot scale 
reactor. Diazo dyes such as acid black 1 and direct yellow 4 were the most difficult to be 
degraded among seven azo dyes while the degradation rates of monoazo dyes fell in the 
same order of magnitude. 
The reason for this difference is likely aroused from the different dyes used in two 
studies. Since photocatalytic oxidations of azo dyes involve destruction of azo bonds, 
aromatic rings and aliphatic chains, the degradation rate of different structure of dyes are 
likely to be influenced by a lot offactors, not only the number of azo bond(s). Sabin et al. 
(1992) studied the PCO of23 organic compounds. The results showed that alkanes were 
more difficult to be treated than alkene or aromatics, and chlorine-substituted compounds 
had lower degradation rates. Both of these trends are typical for organic oxidation 
processes. Meanwhile, Matthews (1990) noted that PCO rate constants for 10 different 
compounds (including organic acids, phenols, alcohols, and nitrobenzene) were quite 
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similar. Kiwi (1994) studied the mechanism of PCO of anthraquinone-sulfonate dyes. 
Degradation products analysis by 'H NMR indicated hydroxylation of aromatic ring and, 
followed by the destruction of aromatic rings while the short-chain aliphatic chains 
persisted. He concluded that in the oxidation of anthraquinone-sulfonate dyes, there was a 
rapid destruction of aromatic rings followed by a slower oxidation of aliphatic chain. 
Moreover, the quantitations of concentration of dyes were simply measured by a 
spectrophotometer. Dye degradation products may act as interfering products that affect 
the accuracy of the dye concentration (Hustert and Zepp, 1992) and resulted in inaccurate 
determination of pseudo-first-order rate constant. 
5.2.8 Optimized conditions for PCO of reactive red 241 and procion red MX-5B 
The optimized conditions for the PCO of reactive 241 and procion red MX-5B are 
illustrated in Figures 39-41. Ninety % dye degradation was observed at 10 min for 40 
mg/L ofprocion red MX-5B, 180 min for 1,000 mg/L of procion red MX-5B and 4 min 
for 40 mg/L of reactive red 241. The study ofPCO of procion red MX-5B at 1,000 mg/L 
was to test the ability of the present system to degrade dye at an unusually high 
concentration as it is a common practice that dye industries use up to 1,000 mg/L ofdye 
in the dyeing process. Although 180 min is rather long for the PCO of dye, it should be 
noted that 1,000 mg/L dye seldom exists in dyeing wastewater. 
An optimized PCO process is much faster than a PCO simply based on TiO2 
alone, which usually took more than one h to degrade 40 mg/L ofprocion red MX-5B. As 
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a matter of fact, there are many kinds of optimizations available to enhance the PCO, in 
this study, only those which have minimum impacts to the environment and highly cost-
effective were selected. The whole optimization process included the concentration of 
dye, concentration ofH2O2, pH, temperature, concentration ofTiO2 and intensity ofUV. 
All the parameters tested were effective in the enhancement in the rate ofPCO. 
5.3 Immobilization of titanium dioxide and Pseudomonas sp. K-1 in alginate beads 
5.3.1 Temporal changes of the concentration of dye in alginate beads 
Calcium alginate beads are formed when sodium alginate solution is mixed with 
calcium chloride. Bacterial cells are effectively trapped in alginate beads ifthey mix well 
with sodium alginate solution. In this study, TiO2 is attempted to be immobilized in 
alginate beads. TiO2 formed white beads with alginate and no leakage of TiO2 was 
observed during the whole course of study. Alginate is found to be a suitable 
immobilizing agent for both Pseudomonas sp. K-1 and TiO2. Since there is a lot of 
micro-pores in alginate beads, water inside the beads will dilute the dye solution when 
the beads come into contact with the dye. Therefore, a series of experiments were 
conducted to determine the changes ofthe concentration of dye in alginate beads. 
Figure 42 illustrates the changes of the dye concentration in pure alginate beads. 
Sixty min was required for the beads to become equilibrium in the dye solution, resulting 
in a decrease ofdye concentration from 100 mg/L to approximately 50 mg/L. The beads 
were allowed to stay with the dye solution in dark for a further two h and the dye 
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concentration of the solution remained the same. This was very similar in the results of 
Figures 43 and 44 when alginate beads with 5,000 mg/L of TiO2 and 10,000 mg/L of 
TiO2 were used instead of pure alginate beads. One h was needed for the equilibrium 
between dye solution and the alginate beads. The dye solution was diluted into half of its 
original concentration. 
From these results, It is concluded that one h is required for the equilibrium 
between dye solution and alginate beads in dark. Quantitation of the dye concentration in 
the following studies on the immobilization ofTiO2 was based on this result. 
5.3.2 Effect of titanium dioxide in alginate beads in PCO 
It has been reported in Section 5.2.5 that the decolorization rate constant was 
proportional to the concentration ofTiO2 when its concentration was less than 500 mg/L. 
The purpose of this study is to find out the specific concentration of TiO2 in alginate 
beads for an effective PCO process. This is required because the physical conditions are 
constantly changed. It is expected that the reaction rate may be lowered by three to five 
times in an immobilized system (Li and Zhao, 1996). 
The trend of increasing the concentration ofTiO2 in alginate beads on the pseudo-
first-order rate constant was very similar to that in the TiO2 suspension (Figure 45). At 
lower concentrations of TiO2 (below 5,000 mg/L), the pseudo-first-order rate constant 
increased linearly with the concentration ofTiO2. A further increase from 5,000 mg/L to 
40,000 mg/L in the concentration ofTiO2 did not increase the rate constant significantly. 
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This result indicates that 5,000 mg/L is the optimum concentration of TiO2 in alginate 
beads. 
5.3.3 Effect of hydrogen peroxide in alginate beads in PCO 
Section 5.2.2 described the effect ofH2O2 in PCO in TiO2 suspension. The effect 
of the same process in immobilized system was very similar (Figure 46). Two hundred 
p,L of 350/0 H2O2 showed optimum increase in pseudo-first-order rate constant. A further 
increase to 1600 |iL didn't significantly increase the reaction rate but increased the 
dosage of H2O2 by eight times. In the present design, 200 i^L of 35% H2O2 was the 
optimum dose. 
5.3.4 Temporal change of dye concentration in 5,000 mg/L 0fTiO2-alginate beads 
Section 5,3.1 described the temporal change of 40mL of 100 mg/L dye mixing 
with 100 mL alginate beads. The temporal change of 100 mL of 50 mg/L dye mixing 
with 50 mL alginate beads is illustrated in Figure 43. Since the volume ofdye increased 
and the volume of alginate beads decreased, the dilution of the dye solution was reduced 
(Figure 47). Again, one h was required for the equilibrium between the dye solution and 
the alginate beads. 
5.3.5 Effect ofbiomass ofPseudomonas sp. K-1 in alginate beads on the PCO of dye 
Addition of Pseudomonas sp. K-1 in alginate beads resulted in the enhancement 
of the dye degradation. Ten mg ofPseudomonas sp. K-1 enhanced the dye degradation 
by 20% (Figure 48). The enhancement of dye degradation was thought to be the increase 
115 
in the chance of collision between dye molecule and TiO2 since the concentration of dye 
to be decomposed in water was in ppm level. Torimoto et al. (1996) reported that the use 
of activated carbon as the adsorbent support would help in the collection of degradation 
intermediates as well as the target substrate from solution onto the support, in contrast to 
naked TiO2 where most reaction intermediates dissolved in the solution phase. The use of 
adsorbent would thereby preventing dissolution of toxic substances in solution. Once the 
substrate diffuse to the adsorbent/TiO2 interface, photodecomposition reaction proceeds 
consecutively resulting in complete mineralization without the accumulation of the 
intermediates. The enhancement of reaction rate by using adsorbent supports might imply 
that the supply of the adsorbed substrate to the adsorbent/TiO2 interface occured very fast 
as compared with the free collision of dissolved substrate of a dilute concentration to the 
photocatalyst surfaces. In contrast, the use of naked TiO2 allowed the dissolution of 
intermediates into solution due to the low adsorbability. 
5.4 Diffuse reflectance IR spectroscopic analysis of degradation products 
The diffuse reflection technique was used because IR spectra of powdered 
samples were easily measured by simply putting the powder in the sample cup. The 
phenomenon of "diffuse reflection" is that in which the incident radiation is scattered in 
all directions by repeated reflections and refractions at the surface of particles, (Figure 
57). The high throughput and signal-to-noise ratios of FT-IR spectrometers, in 
combination with on-axis diffuse reflectance accessories, have made diffuse reflectance a 
powerful infrared sampling technique (Nishikida et al., 1995). 
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Figure 57. Schematic optical diagrams of diffuse reflection 
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Nasr et al. (1996) reported the degradation product analysis using diffuse 
reflectance IR spectroscopy. The band of phenyl-N stretch was at 1,511 cm"' while the 
azo vibration was at 1,433 cm"'. For symmetry reasons, the intensity of the N=N 
vibration was expected to be weak in an infrared spectrum. This was supported by 
Socrates (1994) that azo compounds were difficult to identify by infrared spectroscopy 
because no significant bands were observed for them, the azo group being non-polar in 
nature. In addition, the weak absorption of the azo group occured in the same region as 
the absorptions of aromatic compounds, the cis- form having much stronger bands 
normally than the trans- form. Aromatic azo compounds in the trans- form absorb at 
1,440-1，410 cm'i and in the cis- form, near 1,510 cm"'. 
Azo dyes, which are synthesized by the coupling of aromatic amines, contain 
aromatic structures which absorb strongly in the band of azo absorption. However, by 
observing the complete disappearance of bands in the region 1,400 cm'' to 1,600 cm'' 
would indicate an irreversible destruction of aromatic rings together with azo bonds. As 
mentioned in Section 5.2.7, Kiwi (1994) studied the mechanism of PCO of 
anthraquinone-sulfonate dyes and concluded that in the oxidation of anthraquinone-
sulfonate dyes, there was a rapid destruction of aromatic rings, followed by a slower 
oxidation of aliphatic chain. 
After the PCO ofthe azo dyes, a common absorption at 1,700 cm_i was noted. 
This new band appearing at 1,700 cm"' was characteristic absorption ofacarboxylic acid 
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functional group. Vinodgopal (1996) reported the end product of oxidation of acid orange 
7 (an azo dye) was an aromatic carboxylic acid which showed peak at the 1,700 cm"' 
after PCO. 
5.5 i "NMR analysis of degradation products 
Certain atomic nuclei, such as hydrogen nucleus (^H) or the phosphorous nucleus 
(3ip) possess a property known as spin. This can be visualized as a spinning motion ofthe 
nucleus about its own axis. Associated with the spin is a magnetic property, so that the 
nucleus can be regarded as a tiny bar magnet with its axis along the axis of rotation. If a 
static magnetic field is applied to a sample containing such nuclei, we might expect the • 
nuclear magnets to align in the field, just as a compass needle aligns along a magnetic 
field. However, the nuclei have spin and obey the laws of quantum mechanics, and 
therefore they do not behave like conventional bar magnets. Instead, we fmd that nuclei 
such as 'H that have a spin quantum number 1=1/2 can have one of two orientations with 
respect to the applied field. These two orientations have slightly differently energies, and 
the energy difference between the two states is proportional to the magnitude of the 
applied field. Transitions between these states can be induced by applying an additional 
oscillating field. The resonance frequency of a nucleus is directly proportional to the local 
magnetic field experienced by the nucleus. There are frequency shifts associated with 
field variations when the nucleus is in contact with different chemical or spatial 
environments. This provide valuable chemical and spatial information of the interested 
molecule. 'H NMR is the most sensitive nucleus, in that it produces a greater signal-to_ 
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noise ratio than any other nucleus (apart from tritium) in a given period of time (Gadian, 
1995). 
Analyses of degradation products were shown in Figure 55. Strong chemical 
shifts from 7.03 to 7.60 ppm disappeared after PCO. This result indicated an irreversible 
destruction in aromatic structures. This is the same result as that of Kiwi (1994) when he 
studied the mechanism of PCO of anthraquinone-sulfonate dyes. Degradation products 
analysis by 'H NMR indicated there was a rapid destruction of aromatic rings, followed 
by a slower oxidation of aliphatic chain. 
Signals were also observed in 2.52, 3.77 and 4.03 ppm indicating the formation of 
carbonyl groups, carboxylic acid and esters. There could be many degradation products in 
the process of PCO, carbonyl groups, carboxylic acid or esters were all possible. The 
similarities in all these compounds were their highly oxidized state and a basic C=0 
structure. Diffuse reflectance IR studies supported the formation of carboxylic acid. The 
signals observed here in 3.77 ppm was relatively strong which agreed with the analysis 
by diffuse reflectance IR that carboxylic acid was a major degradation product. 
Absorption in 4.74 ppm might attribute to vinylic (C=C-H) or an amine group (R-NH2). 
The presence of vinylic compounds was very unlikely because alkenes were highly 
susceptible to PCO than alkanes or highly oxidized species as mentioned before. The 
formation of amines was possible because the destruction of rings and azo groups 
resulted in nitrogen, carbon and hydrogen. Amine was a possible degradation product. 
5.6 Toxicological evaluation ofdegradation products using Microtox®test 
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ECso ofMicrotox® test decreased as the dye concentration decreased (Figure 56). 
This test result indicated that the parental dye compound was less toxic than that of the 
degradation product(s). As the dye molecule was oxidized by PCO process, more and 
more organic intermediates were formed which could be even more toxic than the 
parental compound. Jardim et al. (1997) reported that in the PCO process, the formation 
of transient organic compounds could be more toxic than the starting one. Manilal et al. 
(1992) monitored the toxicity of pure aqueous solutions of methyl vinyl ketone, 
pentachlorophenol and 2,4-dichlorophenol irradiated in the presence of TiO2, the toxicity 
towards activated sludge increased, which indicated the formation of intermediates that 
were more harmful than the target compounds. 
5.7 Application 
The present experimental setup is a preliminary setup that needs to be further 
modified in order to maximize its efficiency for industrial application. Sunlight is a very 
cheap source of energy. However, the use of sunlight as an energy source in driving the 
PCO is very unlikely in multi-storey industrial buildings in Hong Kong. UV lamps, on 
the other hand, provide a constant source of energy that fits the highly intensive mode of 
industry in Hong Kong. Although the immobilization of Pseudomonas sp. K1 increased 
pseudo-first-order rate constant ofthe PCO, it should always be noted that immobilized 
system is always less efficient than suspension system. In order to make this process an 
viable alternative for industrial application, further studies are needed in finding an 
immobilizing agent with larger surface area to volume ratio and absorbs minimum UV 
while strongly adsorb titanium dioxide and Pseudomonas sp. K1. 
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6 Conclusion 
1. The degradation of azo dyes by photocatalytic oxidation (PCO) was more favorable 
in low temperature and at high pH. A linear relationship between UV intensity and 
the dye degradation rate of PCO was observed, indicating that UV intensity was one 
of the most important parameter in the design of photocatalytic reactor. 
2. Addition of trace amount of hydrogen peroxide strongly enhanced the dye 
degradation rate of PCO. Among all parameters optimized, addition of hydrogen 
peroxide was the most effective method to increase the dye degradation rate ofPCO. 
3. The optimized conditions for the present photocatalytic reactor were 10 mmole/L 
H2O2, pH= 10，temp= 0°C, 500 mg/L TiO2 and 120 W UV at 365 nm. 
4. Among the five azo dyes, reactive orange 16 was the easiest to degrade, and followed 
by procion red MX-5B, reactive red 241, reactive violet 5 and congo red. As a whole, 
monoazo dyes were comparatively easier to be degraded than diazo dyes. 
5. Under optimized conditions, 40 mg/L of reactive red 241 for 90% degradation by 
PCO took 4 min while those for 40 mg/L and 1,000 mg/L ofprocion red MX-5B for 
more than 90 % took 10 min and 180 min respectively. 
6. Addition of cells of Pseudomonas sp. K-1 enhanced the degradation of procion red 
MX-5B by 20% in a modified PCO, in which titanium dioxide and bacterial cells 
were immobilized in alginate beads and in the presence ofhydrogen peroxide. 
7. Nuclear magnetic resonance and Fourier transform-infrared spectroscopic analyses 
indicated the complete destruction of aromatic rings and formation ofcarboxylic acid 
in the PCO of azo dyes. 
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8. Degradation product(s) of procion red MX-5B were more toxic than its(their) parental 
compound in the Microtox® test. 
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Appendix 1. Composition of Screening Medium 
Ingredients per liter 
Glucose (RDH) f ^ 
Yeast extract (oxoid) 0.25 g 
MgSO4.7H2O (Univar) 0.5 g 
CaSO4.2H2O (RDH) 0.05 g 
FeSO4.7H2O (Univar) 0.01 g 
(NH4)2HPO4 (RDH) l.Og 
NaCl (RDH) l.Og 
Phosphate buffer (pH 7.0) ‘ 0.05 M 
Agar (BCH) 14g 
a See Appendix 2 
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Appendix 2. Composition ofbuffers 
2.1 Phosphate buffer (pH 7.0) 
"stock so lu t ionX" Ingredients 
0.2 M KH2PO4 27.2 g/L KH2PO4 (RDH) 
Stock solution B 
0.2 M K2HPO4 38.8 g/L KH2PO4 (RDH) 
0.05 M phosphate buffer ofpH 7.0 is made by mixing 97.5 ml di-potassium hydrogen 
phosphate buffer and 152.5 ml potassium di-hydrogen phosphate buffer and diluted to 
one liter. 
2.2 Tris buffer 
Ingredient 
0.01 M Tris buffer 1.211 g/L Tris (Sigma) 
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